The signaling lymphocytic activation molecule (SLAM) family of receptors and the SLAMassociated protein (SAP) family of intracellular adaptors are expressed in immune cells. By way of their cytoplasmic domain, SLAM-related receptors physically associate with SAP-related adaptors. Evidence is accumulating that the SLAM and SAP families play crucial roles in multiple immune cell types. Moreover, the prototype of the SAP family, that is SAP, is mutated in a human immunodeficiency, X-linked lymphoproliferative (XLP) disease. In the presence of SAP-family adaptors, the SLAM family usually mediates stimulatory signals that promote immune cell activation or differentiation. In the absence of SAP-family adaptors, though, the SLAM family undergoes a "switch-of-function," thereby mediating inhibitory signals that suppress immune cell functions. The molecular basis and significance of this mechanism are discussed herein.
I
mmune cells undergo differentiation and, once mature, are activated through the integrated actions of many molecules, including cell surface receptors and intracellular signaling effectors. Whereas some of these molecules have "primary" roles in the immune response, others have secondary, albeit still critical, functions in this process. For example, differentiation and activation of B cells are strictly dependent on the function of the B-cell receptor (BCR) and its intracellular effectors. Other receptors present on B cells, such as CD19 and CD40, influence B-cell functions in critical ways, by modulating BCR-triggered signals (Cambier et al. 1994) .
There is accumulating evidence that the signaling lymphocytic activation molecule (SLAM) family of receptors plays important roles in immunity (Schwartzberg et al. 2009; Ma et al. 2007; Veillette et al. 2007; Veillette 2006b; Veillette 2006a ). This class of receptors provides key effects in multiple immune cell types. Recent data indicate that SLAM-family receptors can either promote or inhibit the functions of primary activating receptors (CruzMunoz et al. 2009; Dong et al. 2009 ). These alternative activities are controlled by whether or not SLAM-related receptors are coexpressed with members of the SLAM-associated protein (SAP) family of intracellular adaptor molecules. The functions and mechanisms of action of the SLAM and SAP families are reviewed herein.
THE SLAM-FAMILY OF RECEPTORS Properties
The SLAM family of receptors is a group of type I transmembrane receptors that includes SLAM (CD150; SLAMF1), 2B4 (CD244; SLAMF4), Ly-9 (CD229; SLAMF3), natural killer, T-and B-cell antigen (NTB-A) or Ly108 (in the mouse) (SLAMF6), CD84 (SLAMF5), and CD2-like receptor activating cytotoxic cells (CRACC; CD319; and SLAMF7) ( Table 1 ) (Schwartzberg et al. 2009; Ma et al. 2007; Veillette et al. 2007; Veillette 2006b; Veillette 2006a) . SLAM-family receptors are broadly expressed in immune cells, and are not found in nonimmune cells. They possess an extracellular segment usually composed of two immunoglobulin (Ig)-like domains-one variable (V)-like domain and one constant 2 (C2)-like domain-in addition to a transmembrane region and a cytoplasmic domain bearing multiple tyrosine-based motifs. The one exception to this structural organization is Ly-9, which has four Ig-like domains in its extracellular domain (two tandem repeats of the basic V-like and C2-like organization).
One of the distinguishing features of SLAMfamily members is that, unlike most other receptors expressed in immune cells, SLAMrelated receptors are typically self-ligands. There is only one exception to this property, that is 2B4, which interacts with CD48, another Ig superfamily member found on nearly all hematopoietic cells (Latchman et al. 1998; Brown et al. 1998 ). Thus, SLAM-family receptors can be triggered in the context of homotypic or heterotypic cell -cell interactions (Fig. 1) . SLAM is also the receptor for a variety of morbilliviruses (Tatsuo et al. 2000) . These include measles virus, which binds and enters immune cells via SLAM in humans. In all cases examined by crystallography (NTB-A, 2B4, and CD84), the association of SLAM-family receptors with their physiological ligand was observed to be mediated via the amino-terminal V-like domain (Cao et al. 2006; Velikovsky et al. 2007; Yan et al. 2007 ). 
CD84 T, B, NK, DC, Mw, plat., mast, eos.
The genes coding from SLAM-family receptors are located within a 400 kilobase (kb)-cluster on chromosome 1, in humans and mice (Morra et al. 2001) . This observation, coupled with the conserved exon-intron structure of SLAM-related genes, implies that the SLAM family was generated by sequential duplication of a single ancestor gene. Sequence polymorphisms were documented in multiple members of the SLAM family. In some cases, these polymorphisms alter protein sequence. Interestingly, polymorphisms of SLAM-family genes among mouse strains, in particular of the Ly108-encoding gene, were found to correlate with susceptibility to the auto-immune disease systemic lupus erythematosus (SLE) (Wandstrat et al. 2004) . Likewise, variations in the Ly-9-and 2B4-encoding genes were linked to susceptibility to SLE and rheumatoid arthritis (RA), respectively, in humans (Cunninghame Graham et al. 2008; Suzuki et al. 2008 ).
Functions of SLAM-family Receptors
Several lines of evidence support the notion that SLAM-family receptors carry out important functions in immune cells (Schwartzberg et al. 2009; Ma et al. 2007; Veillette et al. 2007; Veillette 2006b; Veillette 2006a) . These include antibody stimulation experiments, studies in which SLAM-family receptors or their ligands are ectopically expressed on immune cells or target cells, genetic linkage analyses, and the creation of genetically modified mouse strains. In addition, SLAM-family receptors physically associate with SAP-family adaptors, which have been firmly implicated in normal immunity.
Antibody Stimulation Experiments
The first indication that the SLAM family is involved in immune regulation was provided for 2B4 (Garni-Wagner et al. 1993 (Nakajima et al. 1999; Bottino et al. 2001; Bouchon et al. 2001 ). Thus, these findings suggested that 2B4, NTB-A, and CRACC are activating receptors in NK cells and T cells. Subsequently, it was reported that antibodymediated engagement of SLAM potentiated the proliferation of human B cells in response to interleukin-4 (IL-4) and anti-CD40 (Sidorenko and Clark 1993) . Another group also showed that stimulation of previously activated human T cells (T-cell blasts) or human T-cell clones by a monoclonal antibody against SLAM was able to induce production of IFN-g, but not IL-4, even in the absence of concomitant engagement of the T-cell receptor (TCR) (Cocks et al. 1995) . A similar antibody raised against mouse SLAM augmented IFN-g production by mouse T cells stimulated by CD3-specific monoclonal antibodies (Castro et al. 1999) . However, unlike human T cells, activation of mouse T cells by anti-SLAM antibodies did not occur in the absence of TCR coengagement. In other studies, antibody-mediated ligation of SLAM was shown to promote cytotoxicity by CD8 þ T cells, secretion of IL-12 and IL-8 by dendritic cells (DCs), and production of IL-12 by macrophages Henning et al. 2001; Rethi et al. 2006; Bleharski et al. 2001; Kruse et al. 2001) . Collectively, these data hinted that SLAM is a positive regulator of activation of T cells, B cells, DCs, and macrophages.
Ectopic Expression Studies
Further substantiation of the regulatory activity of SLAM-related receptors was obtained through studies in which ligands for SLAM-family receptors are ectopically expressed on targets for NK cells. Several groups reported that expression of CD48, the ligand of 2B4, on target cells enhanced the cytotoxicity mediated by human NK cells (Nakajima et al. 1999 ). This effect was subsequently extended to NTB-A, CRACC, and, at least in the mouse, Ly-9 (Bottino et al. 2001; Bouchon et al. 2001; Dong et al. 2009 ). Yet other studies raised the possibility that, in the mouse, 2B4 may carry out an inhibitory function in NK cells. Indeed, two groups found that expression of CD48 on target cells inhibited, rather than enhanced, mouse NK-cell functions (Lee et al. 2004; Mooney et al. 2004) . Nonetheless, two additional laboratories found that expression of CD48 on targets augmented mouse NK-cell cytotoxicity Bloch-Queyrat et al. 2005) . Although the basis for this disparity is not clarified, these observations nonetheless supported the idea that 2B4 regulates NK-cell functions.
Other data also suggested that 2B4, as well as other SLAM-related receptors, can inhibit immune cell functions in some settings. Chief among these was the finding that expression of CD48 on targets inhibited the ability of normal immature or uterine human NK cells to mediate killing (Vacca et al. 2006; Sivori et al. 2002) . Likewise, expression of CD84 on the rat basophilic leukemia cell line RBL-2H3 suppressed IgE-mediated degranulation (Oliver-Vila et al. 2008) . Furthermore, expression of CRACC on a fibroblast cell line bearing class II MHC molecules inhibited antigen-triggered activation of mouse T cells ).
Hence, in combination, these findings raised the possibility that SLAM-family receptors have pleiotropic effects in immune cells, and that they can be at times activating and at times inhibitory.
Genetic Linkage Analyses
Genetic data cemented the proposal that SLAMfamily receptors have pivotal roles in immune regulation. It was found that the Sle1b locus, which confers enhanced susceptibility to SLE in mouse strains such as NZM2410 and 129Sv compared with C57BL/6, corresponds to the Slam-family locus on mouse chromosome 1 A. Veillette (Wandstrat et al. 2004) . Polymorphisms in the gene encoding Ly108 were found to correlate most robustly with disease susceptibility, although the genes coding for other members of the SLAM family (in particular Ly-9) may also participate. These polymorphisms were reported to regulate lupus susceptibility by altering T-cell and B-cell functions (Kumar et al. 2006; Wandstrat et al. 2004) .
Likewise, the Nkt1 locus, which influences NK-T cell numbers and functions in autoimmune nonobese diabetes (NOD) mice, was also observed to correspond to the Slam locus (Jordan et al. 2007 ). In particular, the genes coding for SLAM and Ly108 were identified as likely susceptibility genes. The Nkt1 locus in NOD mice was shown to result in reduced SLAM expression on double-positive thymocytes, possibly explaining the reduced NK-T cell numbers in these animals.
Lastly, in humans, a polymorphism in the gene coding for 2B4 was reported to increase the susceptibility to rheumatoid arthritis in a Japanese population (Suzuki et al. 2008) . Moreover, a polymorphism in the gene encoding Ly-9 affected susceptibility to familial SLE in Canada and the United Kingdom (Cunninghame Graham et al. 2008) . It also influenced the representation of CD8 þ and CD4 þ T-cell subsets.
Combined, these observations provided strong correlative evidence that, through sequence variations that affect protein function or expression, SLAM-related genes are implicated in the pathophysiology of auto-immune diseases in humans and mice.
Analyses of Genetically Modified Mice
A major limitation of antibody stimulation experiments and overexpression studies is that these manipulations can evoke nonphysiological effects. There are many examples highlighting this caveat. Similarly, genetic linkage analyses provide only correlative evidence of involvement of gene products in a function. For these reasons, studies of genetically modified mice are crucial for formally determining the physiological activities of molecules, although conventional gene ablation approaches do not address well the possibilities of functional redundancy and compensation by other molecules.
Mutant mice were engineered for several SLAM-family receptors (Table 1) . Mice lacking SLAM were found to show a defect in TCRmediated IL-4 secretion Davidson et al. 2004 ). Moreover, their macrophages had altered production of IL-12, tumor necrosis factor-a (TNF-a), IL-6, and nitric oxide (NO) in response to lipopolysaccharide (LPS). Lastly, SLAM-deficient platelets showed defective aggregation in response to collagen or thrombin receptor stimulation (Nanda et al. 2005) .
2B4-deficient mice were observed to have a complex NK-cell phenotype, which was not expected from the earlier antibody stimulation experiments (Vaidya et al. 2005; McNerney et al. 2005; Lee et al. 2004 ). NK cells lacking 2B4 had augmented, instead of diminished, cytotoxicity toward target cells. Intriguingly, this effect was restricted to target cells expressing CD48. In contrast, an enhancement of cytotoxicity was seen with target cells lacking CD48. Whereas these genetic data undoubtedly implicated 2B4 in the regulation of NK-cell-mediated cytotoxicity, they also implied that 2B4-CD48 interactions can have two types of effect. Seemingly, 2B4 is inhibitory when engaged by CD48 located on target cells. However, it becomes activating when triggered by CD48 on other NK cells. Additional evaluations are needed to explain these findings, especially in the context of the other data indicating that 2B4 is primarily an activating receptor in NK cells.
Mice devoid of CRACC were also found to have an NK-cell defect ). CRACC-deficient NK cells had a compromised ability to kill and produce IFN-g in response to target cells expressing CRACC, in keeping with the notion that CRACC is a self-ligand. Interestingly, their aptitude to react to CRACC-negative targets was also reduced, although not as severely as the response to CRACC-positive targets. Hence, it would appear that CRACC-CRACC interactions promote NK-cell activation in the context of heterotypic NK-cell-target-cell interactions and homotypic NK-cell -NK-cell interactions.
Ly108-deficient mice were observed to have a defect in TCR-mediated IL-4 secretion and compromised neutrophil bactericidal activity . Likewise, they showed reduced NK-T cell development, which was further compromised by combining Ly108 deficiency with SLAM deficiency (Griewank et al. 2007 ). The effect of Ly108 and SLAM deficiency on NK-T cell development was reported to be caused by compromised homotypic interactions among double-positive thymocytes, which contain the precursors of NK-T cells. Last, mice with a mutation of the Ly-9-encoding gene had compromised TCR-induced proliferation and IL-2 secretion (Graham et al. 2006) .
These gene ablation experiments provided the best direct indication of the importance of the SLAM family in immune regulation. Moreover, they exemplified the idea that the functions of SLAM-family receptors can be triggered by heterotypic or homotypic interactions among immune cells. However, it is noteworthy that these data also failed to confirm several of the functions of SLAM-family receptors expected based on antibody stimulation experiments. This situation offers one additional example that the results of antibody stimulation experiments need to be interpreted with caution, as antibodies can be agonistic or antagonistic, or, at times, trigger nonphysiological effects.
Nonetheless, there are also some caveats to the gene ablation experiments. First, they may underestimate the functions of individual SLAM-family receptors. This is especially important for SLAM-family receptors because a given immune cell type typically expresses multiple family members. For example, T cells express SLAM, NTB-A, Ly-9, CD84, and, occasionally, CRACC and 2B4. Likewise, NK cells bear 2B4, NTB-A, CRACC, Ly-9, and CD84. The creation of mice simultaneously carrying mutations in multiple SLAM-family members will be critical to ascertain this possibility, although it is technically complicated by the close juxtaposition of Slam-related genes on mouse chromosome 1. Second, it is possible that variations in genetic background underlie or mask some of the phenotypes observed in gene-ablated mice (Veillette et al. 2006) . As pointed out earlier, in the mouse, the Slam locus corresponds to the Sle1b and Nkt1 loci, which confer enhanced susceptibility to autoimmunity and are associated with altered T-cell and B-cell functions. The Slam locus is known to show marked structural and functional differences between C57BL/6 and 129Sv mice (Wandstrat et al. 2004) . As the various genes of the Slam locus cosegregate during genomic recombination, it is plausible that some of the phenotypes observed in mutant mice analyzed in a mixed C57BL/6-129Sv background were caused by, or were masked by, transfer of the Slam locus from 129Sv to C57BL/6. Mice with a mixed background were used for mutations of SLAM, Ly108, and Ly-9 Wang et al. 2004; Davidson et al. 2004; Graham et al. 2006 ). In the light of this, it will be important to confirm the phenotypes, or lack of phenotypes, in the mutant animals using a pure genetic background.
Interactions with SAP-family adaptors
The most striking, albeit only indirect, substantiation of the involvement of SLAM-family receptors in immunity was the finding that they associate with SAP-family adaptors (Schwartzberg et al. 2009; Ma et al. 2007; Veillette et al. 2007; Veillette 2006b; Veillette 2006a) . The prototype of the SAP family, that is SAP, is mutated in a human immunodeficiency, X-linked lymphoproliferative (XLP) disease. Moreover, mice lacking one or more members of the SAP family have marked immune phenotypes. Thus, such findings further implicated the SLAM family in immune regulation. The SAP family will now be reviewed.
THE SAP FAMILY OF ADAPTORS Properties
The SAP family of adaptors includes three members most commonly known as SAP (also named SH2D1A), Ewing's sarcoma-associated transcript-2 (EAT-2; also named SH2D1B1), and EAT-2-related transducer (ERT; also named SH2D1B2) (Table 2) (Schwartzberg et al. 2009; Ma et al. 2007; Veillette et al. 2007; Veillette 2006b; Veillette 2006a ). These intracellular molecules are composed of a Src homology 2 (SH2) domain, in addition to a short carboxy-terminal region. They appear to be solely expressed in immune cells. Although SAP is present in T cells, NK cells, NK-T cells, and, perhaps, some B cells, EAT-2 is found in NK cells, DCs, and macrophages. ERT is only observed in NK cells, at least in the mouse. The SAP-encoding gene is located on the X chromosome in humans and mice. In contrast, the genes coding for EAT-2 and ERT are positioned in tandem on chromosome 1, in the two species (Calpe et al. 2006) . They are located approximately 1500 kb and 1300 kb away from the SLAM locus in humans and mice, respectively. In humans, the ERT-encoding gene is a pseudogene and is nonfunctional.
Through their SH2 domain, SAP-family adaptors associate with the tyrosine-based motif TI/VYxxV/I (in which T is threonine, I is isoleucine, V is valine, Y is tyrosine and x is any residue) in the cytoplasmic domain of SLAM-related receptors (Sayos et al. 1998 Compared with other SH2 domain-mediated associations, the interactions between SAPrelated adaptors and SLAM-family receptors have unusual structural characteristics. These properties and their potential significance are reviewed elsewhere (Schwartzberg et al. 2009; Ma et al. 2007; Veillette et al. 2007; Veillette 2006b; Veillette 2006a) .
SAP is Mutated in X-Linked Lymphoproliferative Disease
The SAP-encoding gene (SH2D1A) is mutated in 60% -70% of cases of XLP, an X-linked human immunodeficiency characterized by a disproportionate and ineffective response to Epstein-Barr virus (EBV) infection (Coffey et al. 1998; Sayos et al. 1998; Nichols et al. 1998) . All SAP mutations found in XLP are null mutations or loss-of-function mutations. Although readers are referred elsewhere for indepth discussions of the clinical and immunological features of XLP (Schwartzberg et al. 2009; Ma et al. 2007; Veillette et al. 2007; Veillette 2006b; Veillette 2006a) , it is worth mentioning that, on EBV infection, SAP-deficient patients typically show a massive lymphoproliferative illness, with marked accumulation of immune cells in lymphoid and nonlymphoid tissues. They also have a heightened frequency of malignant lymphomas. Moreover, at the immunological level, they show defects in the functions or development of several immune cell types, including CD4 þ T cells, CD8 þ T cells, NK-T cells, B cells, and NK cells (Table 2 ). It is believed that, combined, these alterations explain the abnormal immune response to EBV.
Mutations in genes other than SH2D1A were recently identified in some patients with XLP or XLP-like illnesses. The gene encoding the X-linked inhibitor of apoptosis (XIAP) was found to be mutated in 5% -10% of cases of XLP (Rigaud et al. 2006) . Furthermore, one group observed that the protein tyrosine kinase (PTK) Itk was mutated in two female relatives having an XLP-like immunodeficiency (Huck et al. 2009 ). Whether or not XIAP and Itk are part of a common signaling pathway with SAP remains to be elucidated.
Immune Defects in Mice Lacking SAP-family Adaptors
The involvement of SAP-family adaptors in immune regulation was also shown by the generation of mice carrying inactivating mutations in their genes ( Table 2) . Mutations of the SAP-encoding gene largely recreated the phenotypes of SAP-deficient humans (Schwartzberg et al. 2009; Ma et al. 2007; Veillette et al. 2007; Veillette 2006b; Veillette 2006a) . Defects in CD4 þ T-cell functions, including reduced Thelper 2 (T H 2) cytokine production and defective follicular T-helper (T FH ) cell functions, were observed. This T FH defect leads to severely compromised germinal center formation and antibody production by B cells, although a T cell-independent intrinsic B-cell defect may coexist Qi et al. 2008; Cannons et al. 2006) . Alterations of CD8 þ T cells, including reduced cytotoxicity and impaired activation-induced cell death, were also noted (Chen et al. 2007; Chen et al. 2005) . Moreover, a near absence of NK-T cells, caused by an early block in NK-T cell development, was found (Chung et al. 2005; Nichols et al. 2005; Pasquier et al. 2005) . Likewise, reduced NK-cell-mediated cytotoxicity and IFN-g secretion were observed Bloch-Queyrat et al. 2005) .
Mice lacking EAT-2 or ERT were shown to show complex alterations in NK-cell functions (Roncagalli et al. 2005) . Unexpectedly, an increase, rather than a decrease, in cytotoxicity and IFN-g production was observed in response to stimulation of various activating receptors. This finding suggested that EAT-2 and ERT are negative regulators of NK-cell activation. However, other analyses, including studies of CRACC, which binds EAT-2 but not SAP, indicated that EAT-2 and ERT can also be positive regulators of NK-cell activation ). Although the basis for this dual activity still needs to be clarified, it appears that EAT-2 (and ERT) are activating when SLAMfamily receptors are triggered as part of the NK-cell stimulation by target cells ). In contrast, they are inhibitory when SLAM-family receptors are not triggered by target cells.
Recently, mice simultaneously lacking all three SAP-family adaptors were reported ). It was observed that NK cells devoid of all SAP-family adaptors had much more severely compromised NK-cell functions than mice lacking individual SAP-family adaptors. This observation implied that the three members of the SAP family cooperate in a mechanism promoting NK-cell activation. Interestingly, NK cells lacking all SAP-family adaptors had a nearly abolished capacity to mediate cytotoxicity and produce IFN-g in response to hematopoietic, but not nonhematopoietic, target cells. This was because of the fact that hematopoietic, but not nonhematopoietic, cells express ligands for SLAM-family receptors. As was reported for NK cells lacking EAT-2 or ERT alone, NK cells devoid of all SAP-related adaptors also showed enhanced, instead of diminished, activation in response to nonhematopoietic target cells.
Thus, studies of SAP-deficient humans and of mice lacking one or more SAP family members constituted undeniable evidence of the importance of these molecules in immune regulation. Because SAP-family adaptors interact primarily, if not exclusively, with SLAMfamily receptors, these analyses also helped to implicate SLAM-related receptors in normal immunity.
Signaling Mechanisms of SAP-Family Adaptors
Given that SAP-family adaptors are almost exclusively made of an SH2 domain, it was proposed at first that they may be "natural blockers" of associations with other SH2 domaincontaining molecules (Sayos et al. 1998 ). In keeping with this idea, it was observed that SAP and EAT-2 could prevent the binding of SLAM-family members to inhibitory signaling molecules such as SH2 domain-containing phosphatase (SHP)-2 and SHP-1, SH2 domaincontaining 5' inositol phosphatase (SHIP)-1 and Csk, both in vitro and in overexpression studies (Schwartzberg et al. 2009; Ma et al. 2007; Veillette et al. 2007; Veillette 2006b; Veillette 2006a ). Such a mechanism was postulated to prohibit SLAM-family receptors from mediating inhibitory signals, thereby favoring cell activation. However, this model was not validated in experiments using normal immune cells.
Subsequent studies unraveled that SAPfamily adaptors possess sequences that can also couple them to specific biochemical signals (Fig. 2) . SAP was found to associate with the Src-related PTK Fyn, by way of a short motif located within the SAP SH2 domain (Latour et al. 2003; Latour et al. 2001; Chan et al. 2003) . This Fyn-binding motif is centered on SAP arginine 78 (R78), which binds directly to the Src homology 3 (SH3) region of Fyn. Such a sequence is not found in EAT-2 and ERT. Because the SAP-Fyn interaction occurs simultaneously with binding of SAP to SLAMfamily receptors, it permits SAP to link SLAM-family receptors to protein tyrosine phosphorylation signals. This association appears to be critical for some, but not all, functions of SAP (Nunez-Cruz et al. 2008; Davidson et al. 2004; Cannons et al. 2004; Qi et al. 2008; Cannons et al. 2006) . For instance, it is essential for the ability of SAP to promote T H 2 cytokine production, but has little or no role in the aptitude of SAP to augment T FH functions. An intermediate requirement exists for NK-T cell development. It should be pointed out that, in addition to binding Fyn, the R78-based motif of SAP can interact with other SH3 domaincontaining proteins such as PAK-interacting exchange factor (PIX) and the adaptor Nck (Gu et al. 2006; Li et al. 2009 ). The physiological relevance of these other associations is not clarified.
EAT-2 and ERT harbor sites of tyrosine phosphorylation in their carboxy-terminal tail (Roncagalli et al. 2005) . These sites are not present in SAP. Two tyrosines exist in mouse EAT-2 and ERT (tyrosines 120 and 127), whereas only one is located in human EAT-2 (tyrosine 127). These tyrosines are positioned in classical SH2 domain-binding motifs. Evidence is accumulating that the carboxy-terminal tyrosines are critical for the activating and inhibitory effects of EAT-2 (and presumably ERT) in NK cells (Roncagalli et al. 2005; Cruz-Munoz et al. 2009; Clarkson and Brown 2009 ). Although it is presumed that the phosphorylated tyrosines of EAT-2 and ERT enable to couple SLAMfamily receptors to other SH2 domain-containing downstream effectors, the identity of these effectors is not clearly established. Nonetheless, recent data suggested that phospholipase C (PLC)-g may be recruited to tyrosine 127 in human EAT-2 (Clarkson and Brown 2009 ).
Collectively, these observations implied that SAP, EAT-2, and ERT are active signaling molecules that couple SLAM-related receptors to specific biochemical signals, although the nature of these signals still needs to be fully elucidated. It is conceivable that, under certain circumstances, SAP-family adaptors also function by blocking the association of SLAM-related with other SH2 domain-containing molecules. However, as suggested in the next section, this Considering the specificity of the interaction between SLAM-family receptors and SAPfamily adaptors, it seems logical to speculate that SLAM-related receptors are responsible for the functions mediated by SAP-related adaptors. However, full acceptance of this notion has been hampered by the difficulty to recreate the severe phenotypes, which are caused by SAP family deficiencies, with mutations of the SLAM family. The one possible exception is the block of NK-T development caused by SAP deficiency that can be recapitulated to a considerable, albeit not full, extent by combined mutations of Ly108 and SLAM (Griewank et al. 2007) .
Several possibilities may explain this discrepancy. First, as suggested earlier, it is likely that some functional redundancy exists between SLAM-family members. In this context, ablation of multiple members of the SLAM family may be needed to mimic the impact of SAP family deficiencies. Experiments to test this idea are underway in several laboratories. Second, it is possible that the functions of SLAMfamily receptors are qualitatively altered, rather than eliminated, by the absence of SAP-related associates with a phosphorylated tyrosine-based motif ( pY) in SLAM-related receptors (SLAM), through the EAT-2 SH2 domain. Via one or two phosphorylated tyrosines located in its carboxy-terminal tail, EAT-2 concomitantly interacts with its effectors. Although the identity of these effectors is not well defined, recent data suggested that phospholipase C (PLC)-g may be involved.
A. Veillette adaptors. Consequently, there would be distinct phenotypes for SAP family deficiencies compared with SLAM-family deficiencies. Recent analyses of NK-cell functions in mice lacking all three SAP-family adaptors provided clear support for this proposition, as will be presented in the upcoming section. And third, it is conceivable that SAP-family adaptors also mediate SLAM family independent functions. Whereas this idea is supported by the finding of associations between SAP and receptors such as CD22 and FcgRIIB, the physiological relevance of these associations is not clear (Ostrakhovitch et al. 2009; Li et al. 2008) . Nonetheless, this possibility still deserves consideration.
"Switch-of-Function" of SLAM-Family Receptors in the Absence of the SAP Family
Recently, it was found that, in the absence of all SAP-family adaptors, SLAM-family receptors on mouse NK cells, including 2B4, Ly108, CRACC, Ly-9, and CD84, not only lose their activating function, but also are converted into potent inhibitory receptors (Fig. 3) ). This inhibitory activity enables SLAMfamily receptors to suppress the function of other activating NK-cell receptors such as natural-killer group 2, member D (NKG2D), CD16 and, probably, DNAX accessory molecule-1 (DNAM-1), thereby leading to a marked suppression of NK-cell responsiveness toward hematopoietic target cells. A related switch-offunction from activating to inhibitory was also described for 2B4 and NTB-A in SAP-deficient human NK cells (Bottino et al. 2001; Bottino et al. 2000) . Likewise, it was noted for 2B4 in normal immature and uterine human NK cells, which express low amounts of SAP (Vacca et al. 2006; Sivori et al. 2002) . Taking into consideration these findings, it is tempting to speculate that other manifestations of SAP family deficiencies may also occur through a switch-of-function mechanism. In this manner, the T FH and T H 2 defects, the block in NK-T cell development, and the CD8 þ T cell dysfunctions caused by SAP deficiency may be due at least in part to a change, rather than a loss, in the function of SLAM-related receptors. A comparison of the phenotypes caused by the absence of the SAP family with those induced by simultaneous loss of all SLAM-related receptors will help address this possibility.
Mechanism of Switch-of-Function by SAP-Family Adaptors
A simple way to explain the switch-of-function of SLAM-related receptors in the absence of the SAP family is based on the natural-blocker model (Sayos et al. 1998) . Accordingly, in the absence of SAP-related adaptors, SLAM-family receptors would preferentially associate with inhibitory effectors such as SHP-1, SHP-2, SHIP-1, or Csk, and, thereby, mediate inhibitory effects. Even though data in transfected cells supported this hypothesis, these findings were not substantiated by analyses in normal immune cells (Schwartzberg et al. 2009; Ma et al. 2007; Veillette et al. 2007; Veillette 2006b; Veillette 2006a ). Nonetheless, a recent report showed that, in the absence of SAP-family adaptors, triggering of 2B4 on mouse NK cells resulted in enhanced tyrosine phosphorylation of the inositol phosphatase SHIP-1 ). This was accompanied by reduced activation of calcium fluxes, Erk, and Akt on coengagement of CD16. Because calcium fluxes, Erk and Akt are known to be inhibited by SHIP-1. Such findings implied that, in the absence of SAP-family adaptors, 2B4 and, possibly, other SLAM-related receptors are more efficiently coupled to inhibitory effectors like SHIP-1.
However, this phenomenon does not appear to reflect direct physical competition between SAP-family adaptors and inhibitory effectors for binding to SLAM-family receptors. Along these lines, studies in mouse NK cells showed that distinct tyrosines in the cytoplasmic domain of CRACC are responsible for CRACCmediated activation, which occurs in the presence of EAT-2, and for CRACC-mediated inhibition, which takes place in the absence of EAT-2 (Cruz-Munoz et al. 2009 ). This observation implied that SAP-family adaptors and inhibitory effectors do not compete for binding to the same tyrosine. Other models such as "functional competition," "trans-regulation," or "steric hindrance" should be considered, as detailed elsewhere ). Interestingly, these investigations also revealed that SHIP-1, SHP-1, SHP-2, and Csk did not bind directly to the tyrosine-based motif responsible for inhibition, suggesting that they are indirectly recruited to the inhibitory tyrosine.
Altogether, these data supported the view that SHIP-1 and, perhaps, SHP-1, SHP-2, and Csk, participate in the inhibition seen in the absence of SAP-family adaptors. Obviously, genetic data supporting this view remain to be obtained. Importantly, these results also indicated that the switch-of-function mediated by the SAP family is not simply because of direct competitive binding between SAP-related adaptors and inhibitory effectors to SLAM-related receptors. However, the mechanism responsible still needs to be elucidated.
CONCLUSION
The data reviewed herein provided clear evidence that the SLAM and SAP families play crucial roles in normal immunity. These functions take place in multiple cell types, including T cells, NK-T cells, B cells, NK cells, macrophages and, probably, others. Because most SLAM-family receptors have the unusual property of being self-ligands, these activities can be triggered by homotypic or heterotypic cell -cell interactions.
The findings obtained so far also unraveled that SAP-family adaptors enable SLAM-family receptors to mediate positive signals, which usually promote immune-cell activation and/ or differentiation. In the absence of SAP-family adaptors, however, SLAM-family receptors switch their function and mediate other signals, which are typically inhibitory in nature. Such effects are clearly observed in immune cells lacking SAP-family adaptors, as seen in cases of XLP in humans and in genetically engineered mutant mouse strains. Moreover, they may occur under physiological circumstances, in immune-cell types expressing little or no
